Abstract
Nearshore bathymetry, substrate type, and circulation patterns in Westcott Bay, San Juan Islands, Washington, were mapped using two acoustic sonar systems, video and direct sampling of seafloor sediments. The goal of the project was to characterize nearshore habitat and conditions influencing eelgrass (Z. marina) where extensive loss has occurred since 1995. A principal hypothesis for the loss of eelgrass is a recent decrease in light availability for eelgrass growth due to increase in turbidity associated with either an increase in fine sedimentation or biological productivity within the bay. To explore sources for this fine sediment and turbidity, a dual-frequency Biosonics sonar operating at 200 and 430 kHz was used to map seafloor depth, morphology and vegetation along 69 linear kilometers of the bay. The higher frequency 430 kHz system also provided information on particulate concentrations in the water column. A boatmounted 600 kHz RDI Acoustic Doppler Current Profiler (ADCP) was used to map current velocity and direction and water column backscatter intensity along another 29 km, with select measurements made to characterize variations in circulation with tides. An underwater video camera was deployed to ground-truth acoustic data. Seventy one sediment samples were collected to quantify sediment grain size distributions across Westcott Bay. Sediment samples were analyzed for grain size at the Western Coastal and Marine Geology Team sediment laboratory in Menlo Park, CA. These data reveal that the seafloor near the entrance to Westcott Bay is rocky with a complex morphology and covered with dense and diverse benthic vegetation. Current velocities were also measured to be highest at the entrance and along a deep channel extending 1 km into the bay. The substrate is increasingly comprised of finer sediments with distance into Westcott Bay where current velocities are lower. This report describes the data collected and preliminary findings of USGS Cruise B-6-07-PS conducted between May 31, 2007 and June 5, 2007.
Introduction
In response to recent, extensive loss of the eelgrass Z. marina throughout the San Juan Islands (Berry et al. 2003 ; Wyllie-Echeverria et al. 2003 ), scientists from Washington State Department of Natural Resources (WADNR) Aquatic Resources Division, University of Washington (UW), and the U.S. Geological Survey (USGS) have initiated studies of nearshore habitat structure and hydrodynamic processes to examine possible stressors. A principal hypothesis for the loss of Z. marina in Westcott Bay, San Juan Island, is a recent decrease in light availability for eelgrass growth due to increase in turbidity associated with either an increase in fine sedimentation or biological productivity within the bay. To examine conditions influencing possible Z. marina recovery in Westcott Bay Z. marina transplant studies were paired with time-series water column property measurements during the summer of 2007 as part of the WA DNR "Eelgrass Stressor-Response Project". To characterize sources and processes influencing sediment transport and turbidity that affect light conditions for Z. marina, bathymetric, substrate, and circulation mapping were conducted. This report describes the bathymetry, substrate, and circulation data collected and preliminary findings that relate to the nearshore and Z. marina habitat in Westcott Bay.
Study Area
Westcott Bay is located along the northwest coast of San Juan Island (Figure 1 ). Westcott Bay is 3 km in length and averages 800 m in width and is connected to Garrison Bay inside of a narrow (150 m) mouth opening into Mosquito Pass. Westcott Bay is relatively shallow reaching a maximum depth of approximately -8.5 m, although 35% of the bay is less than -2 m and 48% is less than -3 m. It is bounded by a relatively low relief watershed composed of Paleozoic and Mesozoic sedimentary rocks that have been folded into a broad syncline, some of which have been metamorphosed by igneous rocks of Mesozoic age. Two small intermittent streams discharge into the head of the bay. Westcott Bay is oriented WSW-ENE and because of its narrow mouth, receives little swell in the form of wind waves originating from summertime northwest and periodic wintertime southwest fetch. This region of the San Juan Islands is characterized by a 3.5-4.0 m tide regime which generates strong observable tidal currents in Mosquito Pass. Sediment sources for Westcott Bay are likely to include fluvial-derived sediment input from the two small streams, erosion of bedrock outcrops near headlands and along the seafloor, autochthonous organic matter and calcareous shell production, and possibly import of fine materials from outside the bay through advection.
Data Acquisition

Bathymetric mapping
Sixty-nine (69) kilometers of acoustic bathymetry/substrate data were collected with a dual-frequency (200 and 430 kHz) Biosonics DT-X sonar system along 142 transects in Westcott and Garrison Bays between 5/31/07 and 6/2/07 (Fig. 2, Appendix 1) . The Biosonics sonar generates a 6-degree cone of sound, which translates into a footprint on the seafloor ranging 0.2 to 0.8 m for the water depths surveyed (2 -8 m). Ship speed generally ranged 4.0-4.5 kts and data were merged with GPS positions at 1 Hz. Resulting data therefore represent 0.2-0.8 m pixels on the seafloor spaced approximately 1-2 m apart along track lines. Track lines were spaced 25 m apart. Twenty (20) km of topographic elevation data were also collected across the upper intertidal region by walking the shoreface with a portable Trimble 4700 RTK-DGPS receiver. This receiver utilized a Trimble Zepher Antenna and Pacific Crest radio receiver to obtain real time position corrections from a base station operating a Trimble 4400 receiver and L1/L2 antenna with a Pacific Crest 35 Watt radio transmitter. Elevation data over emergent beaches and tide flats collected by walking are 2-3 times denser as a result of survey speeds ranging 0.5-1.0 kts. The combined bathymetric and topographic data were merged to create a digital elevation model representing the surface topography of Westcott Bay. This surface is referenced to the WGS 84 datum in the UTM Zone 10 North projection with a horizontal accuracy of 2.3 cm. Elevations are referenced to NAVD88 with an estimated vertical accuracy ranging 2.6-9.8 cm. This includes error from the RTK-DGPS and Biosonics sonar, and errors introduced in data processing. The root mean square (RMS) error of the processed surface elevation values were derived from survey line crossings. Line crossings did not always capture the same point on the seafloor (because of GPS accuracy, navigation, currents, and timing of data recording). Therefore, variability in elevation values at crossings is likely in part derived from variability in the bathymetry of the seafloor where line crossings spanned 0.5 to 2 m apart in the horizontal.
Because there can be significant natural variability in depth/elevation across 0.5 to 2.0 m of the seafloor, the vertical error of the survey was determined from analysis of three classes of elevation values at line crossings: The overall error for the entire survey is therefore 9.8 cm, although particular areas, especially characterized by low relief likely have much smaller errors.
Sediment Samples for Grain Size Analyses
Sediment samples were collected using a van veen grab sampler at 71 stations on a 200-250 m grid (Fig. 3) to characterize grain size distribution throughout Westcott Bay and sources of fine material for suspension and transport. The shallow stratigraphy was well-preserved in the sediment grabs so that a 1-3 cm thick aerated surface layer could be observed at most stations dominated by fines ( Figure  4) . In the field, a sub-sample of the uppermost 1-3 cm of each grab was collected and placed into storage bags, labeled, logged, and frozen. Several 10-cm push cores were also collected. Triplicate samples were collected at sites WBN and BP for error analyses. Appendix 2 summarizes sample times and environmental conditions at collection sites.
In the laboratory, sediment samples were split for grain size and carbon analyses and later archived at the Western Coastal and Marine Geology Team sediment laboratory in Menlo Park, CA. Samples were disaggregated and sieved through 2000 and 62 micron screens to separate gravel, sands and mud after the organic component was removed by treatment with hydrogen peroxide. Sediment grain size of sands was determined using the settling methods and principles of Stokes Law (Guy 1969 ) on the USGS 3-m long settling tubes. The fine fraction (silts and clays) were analyzed on a Coulter 230 Laser Particle Analyzer. Three samples had less than 3% intermediate fraction and were analyzed on the Coulter. Single sample runs were made on the tubes, while results from the laser particle analyzer are averages of triplicates with standard deviations around the mean ranging 18 to 24 microns due to instrument errors. Results from the tubes and laser particle analyzer were merged using standard USGS methods found in the USGS particle analysis program pcSedSize http://water.usgs.gov/software/sedsize.html). Analyses of triplicate samples collected at stations WBN and BP show that inter-station variability around the mean grain size ranged ±0.054 mm. The complete grain size results are provided in Appendix 3. These results were then gridded across the bathymetric surface with a nearneighbor gridding algorithm averaging between the three nearest points.
Video of the seafloor was collected along several principal transects in the western and central portions of Westcott Bay to ground-truth the sonar data and provide direct observations of the complex substrate, substrate transitions, and benthic vegetation. These results will be furnished in subsequent revisions to this report.
Nearshore Currents
Current velocity, direction and backscatter amplitude were collected along 65 transects in Westcott Bay (Fig. 5 ) with a 600 kHz RDI ADCP (Acoustic Doppler Current Profiler) and recorded with WinRiver software following Oberg and others, (2005) . Select transects at the mouth of Westcott Bay, Bell Point and immediately east of the Westcott Sea Farm were repeated ~2-3 times under flooding and ebbing tides. ADCP were recorded with GPS position at 1 hz with a ship speed of 2.0-2.5 kts, so raw ADCP data cover a lateral distance of 1.00 to 1.25 m. The raw ADCP data were vertically binned at 0.25 m and include a blanking distance of 0.25 m (no data in uppermost 0.25 m below the transducer). The RDI ADCP is accurate to within 0.25% of boat + water velocity, resulting in an error for our velocity data of 0.25 to 0.45 cm/s based on our survey speed of 2 kts and measured velocities ranging 0 to 1.5 m/s. 
Results
Bathymetry and geomorphology
The resulting bathymetric surface map derived from the combined DGPS and biosonics sonar data shows that the seafloor of Westcott Bay is complex with high relief between the entrance at Mosquito Pass and Bell Point, while the head of the bay is shallow, smooth and lacking relief ( (Fig. 7) . These complex sill and trough features are likely a result of complex and strong currents, the presence of rocky substrate at the seafloor, and the regional glacial history. The bathymetry between Bell Point and the head of the bay is relatively smooth and featureless likely reflecting extensive sedimentation of fine material. Figure 8 shows the mean grain size distribution in mm of unconsolidated sediments across Westcott Bay. Although the substrate was generally rocky in Mosquito pass and at the mouth of Westcott Bay, sand occurred within what appeared to be thin veneers of surface sediments. This region supported diverse communities of large kelp, seaweeds and algae. Along the central channel extending from Mosquito Pass to Bell Point, video observations along with grain size analyses indicated that the bottom was characterized by coarse sediments including gravel and cobbles. This region is delineated on all subsequent grain size distribution maps with a dotted polygon. Sand also dominates unconsolidated materials on the seafloor at the entrance to Garrison Bay, and near the intermittent stream mouths at the head of the bay and at the inlet to the marsh at the northeast corner of the bay. Otherwise silt predominates as the mean grain size throughout the central region and head of the bay. Figure 9 shows the mean grain size in mm classified by predominant grain size classes. This better shows the isolation of medium sands and coarser material near the entrance to Westcott and Garrison Bays, and fine silts in the central head of the bay. Exceptions to this include very fine to fine sand along the shoreline at the head of the bay likely associated with the two creeks and lagoon that meet the shore there. Fig. 9 . Map of mean grain size classified by classes (in mm) across the study area. In order of increasing size (top to bottom) beginning with <0.016 mm, fs=fine silt, ms-medium silt, cs=coarse silt, vfs=very fine sand, fs=fine sand, ms=medium sand, 0.5-0.9 cs=coarse sand. Cobble-and pebble-rich channel outlined in black dotted polygon; streams shown with black arrows. Figure 10 shows the mean grain size distribution in phi units, which allows for slightly greater dynamic range in display of the size gradients. Similar to figure 8, sands are restricted to the mouth and entrance to Garrison Bay, as well as, the small intermittent stream mouths at the head of the bay. Silt dominates the center and head of the bay. Figure 11 displays the mean grain size in phi units classified by dominant grain size classes. This also shows that medium and coarse sands occur near the mouth and entrance to Garrison Bay, and fine silts dominate in the central head of the bay, except along the shore at the head of the bay where fine sand is associated with the mouth of the intermittent streams. Fig. 11 . Map of mean grain size classified by classes (in phi) across the study area. In order of decreasing size (top to bottom) beginning with 0.15-0.49 vcs=very coarse sand, cs=coarse sand, ms=medium sand, fs=fine sand, vfs=very fine sand, cs=coarse silt, ms=medium silt, vfs/clay=very fine silt/clay. Cobble-and pebble-rich channel outlined in black dotted polygon; streams shown with black arrows. Figure 12 shows the degree of sorting of surface sediments across Westcott Bay. This is the calculated standard deviation around the mean grain size. Poorly sorted areas are reflected in the warm (red) colors, while well sorted areas are depicted in cool (blue) colors. Poorly sorted sediments were common immediately inside Westcott Bay across an inverted, u-shape area around the entrance to Garrison Bay. Sediments were generally poorly sorted along the eastern central bay and at the far head of the bay. Sediments were well-sorted along the central axis in the head of the bay and at the easternmost stream mouth and lagoon inlet. Sediments were generally well sorted inside the entrance to Garrison Bay. These variations in sorting are likely associated with strong circulation processes that oscillate in and out of the bay daily and sediment sources (e.g. the intermittent streams). Sediments were generally poorly sorted near the sea farm. Figure 13 shows the fraction of sand in surface sediments across Westcott Bay in percent of total size classes. At the mouth of the bay and small intermittent stream, sand makes up >80% of seafloor sediment. In the central bay west of Bell Point, sand comprises generally >50% of all material, while to the east toward the head of the bay sand reaches a low of 5%. (Fig. 16) . Data averaged across 5 ensembles (across distance) and are coarser than data in Figure 17 because of higher boat speed during data collection. Figure 20 shows the ADCP data collected on all transects of May 31, 2007 (from west to east) over the period of 2 hours as the tide flooded into Westcott Bay. Generally, higher currents were found along the central axis of Westcott Bay, and especially along the northwest edge of the entrance to Westcott Bay. A slight eddy was apparent west of Bell Point in the entrance to Garrison Bay with flow directed in a clockwise gyre. The northern portion of this eddy (black arrows) correlates with a region of poor sediment sorting (Fig. 12) . 
Sediment grain size distribution
Conclusion
Seafloor mapping using a dual-frequency Biosonics acoustic sonar along with a boatmounted ADCP and RTK-DGPS enabled characterization of seafloor depth, morphology and nearshore circulation patterns during a range of tide regimes. Contemporaneous sampling and subsequent analysis of surface sediment grain size distributions provide quantitative data for classifying the seafloor by principal morphology and substrate types. Westcott Bay seafloor composition and morphology is complex in its western half where high-relief bedrock and extensive reaches of sand, gravel and cobble are exposed along a linear channel northeast from the entrance of Westcott Bay toward Bell Point. This complex topography and substrate is associated with strong currents that reach 1.0 m/s and scour the bottom. Stronger currents along this deep channel indicate that the circulation is also partly controlled by the geomorphology. A sill 0.5-1.0 m shallower than the channel separates Westcott Bay from Mosquito Pass. The eastern half of Westcott Bay (east of Bell Point) in contrast, is broad, gently sloping and the surface sediments are dominated by high silt and clay fractions. Current velocities decreased steadily with distance into the head of the bay. In the central portion of Westcott Bay an eddy circulating in a clockwise rotation was observed during a flood tide. A portion of this eddy coincided with a region of poor sediment sorting and complex seafloor morphology. It remains uncertain if the flux, transport, and accumulation of sediment in Westcott Bay are adversely impacting Z. marina. Ongoing and future efforts will synthesize the data reported here with time series measurements of water quality to develop models of sediment transport and habitat conditions to explore environmental variability and possible thresholds of stress to eelgrass growth and recovery.
Data Catalogue
All data generated from this mapping of bathymetry, substrate type and nearshore currents are referenced to USGS Cruise ID B-6-07-PS.
Metadata
Metadata are available at URL: http://walrus.wr.usgs.gov/infobank/b/b607ps/html/b-6-07-ps.meta.html
Digital surface elevation data
A survey log summarizing line numbers, file names, survey information and environmental conditions are provided in Appendix 1. Digital x,y,z (depth) data for individual survey lines are provided as text files on the data CD under B-6-07-PS/bathymetry/line#.xyz and for the entire survey under B-6-07-PS/bathymetry/westcott0507.xyz.
Digital sediment grain size data
Station information for the sediment grain size samples is provided in Appendix 2 and the summary grain size results are listed in Appendix 3.
Digital ADCP data
The ADCP data with current velocity, direction and backscatter amplitude are transferred to DNR on the attached data CD in three formats: 
